A rotavirus sample collection from 19 consecutive years was used to investigate the heterogeneity and the dynamics of evolution of G1 rotavirus strains in a geographically defined population. Phylogenetic analysis of the VP7 gene sequences of G1P[8] human rotavirus strains showed the circulation of a heterogeneous population comprising three lineages and seven sublineages. Increases in the circulation of G1 rotaviruses were apparently associated with the introduction of novel G1 strains that exhibited multiple amino acid changes in antigenic regions involved in rotavirus neutralization compared to the strains circulating in the previous years. The emergence and/or introduction of G1 antigenic variants might be responsible for the continuous circulation of G1 rotaviruses in the local population, with the various lineages and sublineages appearing, disappearing, or cocirculating in an alternate fashion under the influence of immune-pressure mechanisms. Sequence analysis of VP4-encoding genes of the G1 strains revealed that the older strains were associated with a unique VP4 lineage, while a novel VP4 lineage emerged after 1995. The introduction of human rotavirus vaccines might alter the forces and balances that drive rotavirus evolution and determine the spread of novel strains that are antigenically different from those included in the vaccine formulations. The continuous emergence of VP7-VP4 gene combinations in human rotavirus strains should be taken into consideration when devising vaccination strategies.
Rotavirus infections are the most important cause of severe gastroenteritis in infants and young children throughout the world and are responsible in developed countries for approximately one-third of diarrhea-associated hospitalizations and in developing countries for 400,000 to 500,000 deaths annually (55) . Accordingly, the development of rotavirus vaccines is considered a global priority (48) .
On the basis of the outer layer viral proteins VP7 and VP4, both of which elicit the production of neutralizing antibodies, human rotaviruses (HRVs) are classified into 11 G (VP7-specific) and 10 P (VP4-specific) types (23, 56, 59) . Rotavirus strains of the G1 to G4 and G9 types account for more than 90% of the diarrhea episodes in children (38, 41, 59) . The G1, G3, G4, and G9 types are usually associated with P [8] specificity, while G2 is associated with P [4] (23) . The role of typespecific (homotypic) versus cross-protective (heterotypic) immunity for protection against rotavirus infection and disease is still debated. Taking into account the antigenic heterogeneity of rotaviruses, polyvalent vaccines have been developed. A live, attenuated rhesus-human reassortant tetravalent (G1 to G4) vaccine, RotaShield (12, 52, 61) , was licensed in the United States in 1998 and withdrawn 1 year after its release as it was associated with an increased risk of intussusception (13, 49) . Since then, a variety of approaches to the development of effective rotavirus vaccines have been undertaken. Recently, a promising monovalent G1P1A [8] human attenuated vaccine, Rotarix, which is reported to induce good heterotypic protection, has been licensed (20, 57) . This formulation is derived from the fact that both P1A [8] and G1 specificities are unanimously acknowledged as the most prevalent and ubiquitous (27, 59) . Documented, uninterrupted rotavirus surveillance has been conducted since 1985 in Palermo, Italy (4, 5) . In 15 of the 20 years examined, G1P [8] HRVs have represented the first most common rotavirus serotype circulating. Fluctuations of the other rotavirus serotypes were observed over time, characterized by peaks of G4P [8] strains in 1990 to 1993, 1999 to 2001 and 2003; of G2P [4] strains in 1996 and 1997; and of G9P [8] strains in 1999 and 2000 (1, 2) . Cross-sectional analyses showed that the epidemics of G2P [4] and G4P [8] were due to the introduction into the infant population of Palermo of new rotavirus strains rather than to the reemergence of old epidemic strains (1, 2) .
Genetic and antigenic drift of viruses are regarded as important mechanisms driven by specific immunologic pressures. Positive selection of single amino acid mutations in defined virus epitopes steadily generates virus diversification. Sequence analysis of rotavirus VP7 has mapped highly divergent regions (VR1 to VR9) across the different rotavirus serotypes, and four such divergent regions are regarded as major antigen sites, namely, region A (amino acids [aa] 87 to 101), B (aa 143 to 152), C (aa 208 to 223), and F (aa 235 to 242) (14, 22, 39, 51) . In addition, sequence analyses of VP7 of G1 HRVs has revealed the existence of at least four VP7 genetic lineages (7, 37) , and VP7 sequence analysis of escape mutants selected with G1 serotype-specific monoclonal antibodies (MAbs) has given information on the amino acids involved in virus neutralization (18, 64) .
In view of a possible introduction of the monovalent G1 vaccine in Europe, it is important to investigate the pattern of antigenic and genetic evolution of G1 human rotavirus isolates obtained from clinical samples over time to acquire information on the mechanisms of distribution and selection of rotavirus strains and lineages. The purpose of the present study was to analyze the VP7 and VP4 coding genes to evaluate the genetic variability of G1P [8] rotavirus strains infecting the infant population of Palermo, Sicily, over a 19-year period.
MATERIALS AND METHODS
Samples. Two to four strains were selected on the basis of the electropherotypes predominant in each year, of the availability of fecal samples, and of double-stranded RNA conservation. Forty-one G1 rotavirus strains were selected from a total of 780 G1 strains obtained from children less than 5 years old hospitalized with acute gastroenteritis at the G. Di Cristina Children's Hospital of Palermo from 1986 to 2004. The VP7 serotype and the VP6 subgroup specificities of all of these strains were initially determined with MAbs, and all of the strains exhibited G1 serotype and subgroup II specificities.
Determination of serotype and subgroup. G typing was performed according to previously published methods (4), with MAbs RV4:2, RV5:3, RV3:1, and ST3-3:1, respectively, which are reactive with G1-to-G4-specific viral protein VP7 (17) . Subgrouping was performed with subgroup I-and subgroup IIspecific MAbs (255/60 and 631/9) reactive with viral protein VP6, as described elsewhere (4) .
RNA extraction and RT-PCR. Rotavirus RNA was extracted from 10% fecal suspensions as described by Boom et al. (10) . The extracted RNA was resuspended in RNase-free sterile water and used for reverse transcription (RT)-PCR with random primers (34) . To determine the G and P genotypes, specimens were analyzed with type-specific primers by a heminested RT-PCR strategy. In a first PCR round, a 1,060-nucleotide-long fragment of the gene encoding VP7 was amplified with a generic oligonucleotide primer pair (Beg9-End9) (28, 36) , and the G types were subsequently predicted in a second PCR round with a pool of internal primers specific for the G1, G2, G3, G4, and G9 genotypes in combination with the reverse consensus primer (28, 36) . Similarly, an 876-bp fragment of the fourth genome segment, encompassing the VP8* portion of VP4, was amplified with generic primers Con3 and Con2, and P genotyping was carried out with internal primers specific for the P [4] , P [6] , P [8] , and P [9] genotypes (26, 36) . The PCR mixtures were prepared and thermal cycling was performed as previously described (36) . Amplicons were analyzed by electrophoresis with a 2% SeaKem LE (Cambrex Bio Science Rockland Inc., Rockland, ME) agarose gel in Tris-acetate-EDTA at 6 V/cm for 60 min.
Sequence and phylogenetic analyses. Amplicons of the genes encoding VP7 and VP4 were directly sequenced with primers Beg9-End9 and Con2-Con3, respectively. Amplicons were purified with GeneClean purification spin columns (Q-biogene, Cambridge, United Kingdom) prior to sequencing with the CEQ2000 Dye Terminator Cycle Sequencing Quick Start Kit (BeckmanCoulter). All methods were carried out by following the manufacturers' instructions. Sequences were resolved with an automated sequencer (CEQ; BeckmanCoulter). Sequence alignment was performed with CLUSTAL W (60). Phylogenetic analysis was carried out with the MEGA software, version 3.0 (40), with the Kimura two-parameter model as a method of substitution and the neighbor-joining method to construct the phylogenetic tree. The statistical significance of the inferred phylogenies was estimated by bootstrap analysis with 1,000 pseudoreplicate data sets. Phylogenetic analysis was performed on partial VP7 (962-bp) and VP4 (500-bp) nucleotide sequences and on the deduced amino acid sequences (aa 25 to 295 for VP7 and aa 10 to 154 for VP4). The sequences were aligned with and compared to additional sequences of the G1 and P [8] rotavirus genotypes, respectively, obtained from online databases.
Nucleotide sequence accession numbers. All of the sequences obtained in the present study have been deposited in the GenBank sequence database. Accession numbers of the VP7 gene sequences are DQ377566 to DQ377601. Accession numbers of the VP4 gene segments are DQ377602 to DQ377630.
RESULTS
Phylogenetic and sequence analyses of VP7 and VP8*. G1 strains, representative of the predominant double-stranded RNA electropherotypes, were selected for each year. Some older strains were not amplified by RT-PCR, most likely because of degradation or alterations of the stored samples. Of the 19 years considered, amplicons were not obtained for 1988 and 1991. After the initial determination of the VP7 serotype by enzyme-linked immunosorbent assay (data not shown), genotyping by RT-PCR of the VP7 and VP4 genes of the 41 Italian strains confirmed their characterization as G1P [8] . Hence, partial sequences of segments 9 and 4 of the Italian strains were used in parallel to construct phylogenetic trees. The VP7 and VP4 lineage designations were used as previously described (1, 7, 19, 35, 37, 47) .
As shown in Fig and 1990 were related to Finnish strains collected during the same period and formed a separate lineage tentatively designated V. It is of note that in our phylogenetic reconstruction, two additional separate branches were resolved. One branch (designated lineage VI) was constituted exclusively by the atypical human Japanese strain Au19, which was detected in 1997 and is characterized by the rare supershort electropherotype and the P[6]-III VP4 genotype (50) . The other branch included animal G1 strains, porcine isolates C60 and C95 (15) , and bovine strain T449 (8) , and it was designated lineage VII. No Italian HRV strains were found to cluster with G1 strains in lineage IV or, notably, in G1 lineage III, which includes reference G1 strains Wa and KU, as well as RotaShield vaccine strain D, all dating back to the 1970s (37) .
The degree of nucleotide identity among the Italian G1 strains in each lineage was Ͼ94.5% within lineage I and Ͼ96.6% within lineage II. Interlineage nucleotide identities between Italian G1 HRV strains of the two main lineages, I and II, ranged from 92.7 to 95.4%. An alignment of the VP7 deduced amino acid sequences was performed. The VP7 amino acid sequences of the Italian lineage I and II strains showed amino acid identity values of Ͼ95.3% and 96.5% compared to G1 HRVs of lineages I and II, respectively, and amino acid identity values ranging from 93.1 to 93.7% compared to the reference Wa strain (lineage III). Most of the amino acid changes between strain Wa and the Italian G1 strains of lineages I and II accumulated within the VP7 hypervariable regions (Fig. 2) . Outside the variable regions, two peculiar amino acid substitutions were found at positions 281 and 291. There were clear synapomorphies (shared-derived substitutions) within the lineage G1-I HRVs, i.e., Ser68, Thr217, Ile281, and Arg291, while Ile66 was typical of lineage G1-V HRVs and yet it was also present in two G1-IIa strains. Amino acids Ser37 and Ala68 were highly conserved across lineage II and V strains. Synapomorphies, mostly scattered outside the variable regions, were detected in the In the VP8* tree (Fig. 3) 
DISCUSSION
The use of molecular methods for rotavirus characterization has allowed accurate evaluation of the genetic evolution of rotavirus strains circulating throughout the world. A number of studies have investigated the genetic and antigenic variations in the VP7 gene of G1 HRVs (7, 21, 37, 42, 45, 47, 54, 64) . These studies revealed a high genetic homogeneity of G1 strains isolated in a single outbreak and the concomitant occurrence of G1 strains belonging to the same lineage in different parts of the world, suggesting a lack of defined geographical or temporal patterns. An exception to this phenomenon is the substantial diversity observed between the G1 rotaviruses collected throughout the world in recent years and the G1 rotaviruses detected in the 1970s in the United States and Asia (G1-III [Wa-like]) that apparently are no longer circulating worldwide. Altogether, this may suggest continual circulation across the various geographical settings of rotavirus strains, with reemergence of old strains in new locations. However, in all those studies the collection of G1 strains from the various locations was limited temporally and the exact dynamics and mechanisms of diversification of G1 serotype strains could be conjectured but not clearly verified. The availability of a rotavirus collection dating back to the mid 1980s in our laboratory allowed us to perform an in-depth investigation of the temporal pattern of variation of G1 HRVs. This is the first study to describe the temporal evolution of G1 strains in a well-defined geographical area over an extended time span. All of the Italian strains were included in three discrete VP7 lineages (I, II, and V), and no G1-III strains (Wa like) were detected. Italian G1 rotavirus strains were distinct from G1 reference strain Wa at both the nucleotide and amino acid levels, notably in antigenic regions A, B, C, and F, where neutralization epitopes have been mapped that are involved in serotype determination and protection. The changes 147-Ser3Asn and 97-Asp3Glu, which are considered to be critical in preserving neutralization epitopes (18, 22) , were highly conserved in Italian strains, as in most G1 rotaviruses isolated after 1980. Also, the amino acid change 291-Lys3Arg, affecting a conserved region that triggers rotavirus binding to MA104 cells (24) and which is involved in rotavirus neutralization (18) , was present in all Italian G1-I strains. By contrast, the amino acid substitution 94-Asn3Ser was present only in Italian strains belonging to sublineage Ic. Residue 94 is considered to be essential for discrimination of G1 monotypes (18) and for distinguishing between lineages I and II (21) . Also, the presence in convalescent-phase sera of antibodies blocking the binding of a VP7 serotype-specific MAb mapping to aa 94 has been correlated with resistance to disease in adult volunteers challenged with virulent G1 strain D (29) .
While between 1985 and 2004, G2P [4] , G4P [8] , and G9P [8] strains varied in their distribution or completely disappeared for short or long periods of time, G1 strains have been continuously circulating in the infant population of Palermo, a pattern that has been described in various other geographical settings as well (6, 9, 11, 25, 35, 46, 58, 59) . However, unlike the G2P [4] and G4P [8] Italian rotavirus strains, a highly heterogeneous population of G1 strains has been circulating in Italy over the whole study period. A high overall variability was demonstrated in the VP7 sequences of the G1 rotaviruses analyzed in this study, with at least 23 amino acid substitutions being detected. By contrast, only 5 amino acid changes were observed in G2 strains and 12 were observed in G4 strains (1, 2) . The high intraserotypic genetic and antigenic heterogeneity is a possible reason for the consistent predominance of G1 serotype rotaviruses throughout the world over the years. In this scenario, a number of lineages and sublineages may have circulated or cocirculated, with novel strains emerging, some strains disappearing, and other strains persisting. During a nearly 20-year period, repeated introductions of novel G1 strains were described in Palermo and peaks of G1 rotavirus infections in the infant population were temporally associated with the onset of novel G1 strains. Amino acid changes were constantly observed in VP7 antigenic regions A, C, and F of strains appearing in consecutive years. For instance, during a G1 epidemic in 2001, a novel strain, G1-Ib, appeared that displayed up to five amino acid transmission, positive accumulation of point mutations is regarded as a powerful mechanism that steadily generates rotavirus diversification (23) . This mechanism of evolution is well documented for influenza viruses and plays an important role in the continuous requirement for vaccinal updates. Ten changes in vaccine composition have been recommended between 1986 and 1998 to account for new antigenic variants of H3N2 influenza virus A. H3 hemagglutinin exhibited a rate of accumulation of amino acid substitutions of ca. 5 ϫ 10 Ϫ3 per year (30) , while analysis of Italian G1-I HRV strains detected from 1986 to 2004 showed a lower rate of accumulation of amino acid substitutions, no more than ca. 2 ϫ 10 Ϫ3 per year. However, the results obtained by analyzing VP7 of the G1 HRVs revealed a more complex scenario because several G1 lineages circulate among the human population at any time in any place, while a single lineage was found in H3 hemagglutinin. In this, rotaviruses appear to be more similar to influenza B viruses (44) , where the alternate circulation of different strains and lineages is regarded as a mechanism that reduces the selection pressure by recycling of different lineages, thus resulting in lower evolution rates.
Although VP7 is the surface protein represented in most current vaccines, VP4 may also be important in inducing pro- Monitoring the temporal and geographical patterns of distribution of the various P [8] lineages and assessing their antigenic relationships will provide useful information to understand the role of VP4 in the mechanisms and patterns of rotavirus evolution. In our study, it was possible to portray the evolutionary dynamics of G1P [8] strains in a geographically defined population in the absence of vaccine-induced immune pressure after routine prophylaxis or vaccine trials. It is possible that critical amino acid substitutions in key VP7 epitopes among circulating strains may allow escape from the limited antibody repertoire of young infants. However, it is not possible to know whether a similar model may apply to the evolutionary dynamics of the various rotavirus strains in a vaccinated population, where children are protected by a strong active immune response elicited by repeated vaccine administrations. Whether, in vaccinated populations, escape mechanisms due to antigenic differences among the various G1 VP7 lineages may result in vaccine failures or in selection of some lineages over time is a question that needs to be addressed in the near future. The results obtained in recent vaccine trials suggest that the vaccine G1 strains confer good homotypic protection against G1 strains from the field (20, 57) . However, in vaccinees receiving rhesus rotavirus-based quadrivalent or monovalent (G1) vaccine, significant differences have been observed in neutralizing antibodies titers against G1 vaccine strain D (lineage III [Walike]) and G1 strains of other lineages (37) . In a similar fashion, by cross-neutralization among G9 strains of various lineages (I to III), Hoshino et al. (32) demonstrated that antisera to lineage III may neutralize viruses of lineage II up to 64-fold less efficiently and viruses of lineage I up to 1,064-fold less efficiently. In order to ensure the continued effectiveness of vaccines, it is important to investigate the antigenic relationships between the various G1 lineages and extend G1 rotavirus surveillance studies by monitoring the circulation dynamics of the various strains.
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